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11. Introduction
1.1 Background
The tendency to diversify is an intrinsic trait of living organisms. No organism
has successfully exhibited and exploited this trait as bacteria, the oldest group of
organisms on earth and perhaps beyond.
Although magnifying capacity has increased tremendously since Anton van
Leeuwenhoek invented the microscope the limited morphological variation in bacteria
has not provided a sufficient basis for bacterial systematics. Instead, the bacteria have
traditionally been identified and classified on the basis of their biochemistry.
Advances in molecular biology have recently revolutionised the approach in bacterial
systematics. DNA and protein sequences can provide enormous amounts of
information regarding the phylogeny of bacteria, and they are rapidly becoming the
main tools in microbial systematics. Unravelling the genetic composition of the
bacteria helps us to apprehend the evolutionary history of these diverse and extremely
abundant organisms.
The bacteria are present in every macro and microenvironment where life is
possible and occupy every ecological niche. This thesis deals with only a tiny fraction
of these diverse forms, specifically the bacteria that establish nitrogen-fixing
symbioses with legumes. The emphasis is on the diversity and phylogeny of a single
rhizobial species, Rhizobium galegae (Lindström 1989). Several previous studies
(Lindström et al. 1983, Lindström 1984, Wedlock and Jarvis 1986, Lindström and
Lehtomäki 1988, Lipsanen and Lindström 1988, Kaijalainen and Lindström 1989,
Selenska-Trajkova et al. 1990, Räsänen et al. 1991, Nick and Lindström 1994,
Lindström et al. 1995, Selenska-Pobell et al. 1995, Terefework et al. 1998 and Radeva
et al. 2001) of this species have dealt with the unique taxonomic and phylogenetic
properties. However, the strain diversity, phylogeny, and mechanisms of host
specificity are some of the interesting themes that are not yet fully addressed.
In 1988 Hellriegel and Wilfarth provided a major scientific contribution by
establishing a rational explanation for biological nitrogen fixation. This pioneering
work laid the foundation for all subsequent studies in nitrogen fixation and the
legume–bacteria symbiosis. More than a century later biological nitrogen fixation in
this system is by far the best studied and understood (Young and Johnston 1989,
Sprent and Raven 1992).  The agricultural importance of nitrogen fixation is not only
to provide ammonium to the crops; the independence from the use of nitrogenous
fertilizers minimizes pollution of water tables, lakes and rivers. The legume-
rhizobium symbioses and the corresponding physiological adaptations also provide a
convenient model for studying aspects of plant-microbe interactions and evolution
(Provorov 1994, Quispel 1998). Discoveries related to the transfer of DNA from
tumorigenic agrobacteria to plant cells, novel mitogenic signal molecules,
mechanisms of molecular cross-talk between plants and microbes, have all come from
rhizobial research.
 Although many legumes are important nutritional crops for human and animal
consumption, wheat and rice are the major food crops of the world. Hence, the long-
standing and ambitious goal of research in biological nitrogen fixation has been to
extend the nitrogen-fixing symbiosis to non-nodulated cereal plants, such as wheat
and rice. Detailed knowledge of the legume-rhizobia symbioses would help in
formulating strategies for developing potential non-legume-rhizobia symbioses or
other endophytic associations (Reddy et al. 1997, Sprent 1997). Recent advances in
2understanding symbiotic Rhizobium-legume symbiosis at the molecular level, and the
discovery of endophytic interactions of nitrogen-fixing organisms with non-legumes
will help in tackling this tremendous task. For instance, Gutierrez-Zamora and
Martinez-Romero (2001) have shown that natural endophytic associations between
Rhizobium etli and maize exist. Several diazotrophic strains belonging to the genera
Azospirillum and Herbaspirillum have been isolated from rice (Mirza et al. 1999).
Nitrogen-fixing Azoarcus strains have been found associated with various grasses and
rice (Reinhold-Hurek et al. 1993). Population study results indicate that a diverse
population of the clover root-nodule symbiont, Rhizobium leguminosarum bv. trifolii,
colonises rice roots in the Nile delta in Egypt, where this cereal has been rotated
successfully with berseem clover (Trifolium alexandrinum) since ancient times
(Yanni et al. 1997, Dazzo et al. 1999). A thorough understanding of the nitrogen
fixing symbionts and their hosts at a molecular level could have a profound
implication in agriculture, since the present use of nitrogen-rich fertilizers incurs high
cost both on the economy and the environment.
1.1.1 The rhizobia
Traditionally the name rhizobia portrays root and stem-nodulating bacteria
that live in N2-fixing symbiosis mainly with leguminous plants; the exception is
Parasponia, a non-legume. The rhizobia include the genera Allorhizobium (de Lajudie
et al. 1998), Azorhizobium (Dreyfus et al. 1988), Bradyrhizobium (Jordan 1982),
Rhizobium (Jordan 1984), Mesorhizobium (Jarvis et al. 1997), and Sinorhizobium (de
Lajudie et al. 1994). The rhizobia belong almost exclusively to the a-subclass of
Proteobacteria. However, recently a new group of nitrogen-fixing methylotrophic
bacteria associated with legumes (Crotalaria spp.), and belonging to the
Methylobacterium group are described (Sy et al. 2001). Rhizobia are not the only
proteobacteria capable of nitrogen fixation. Other nitrogen-fixing proteobacteria
associated with grasses that belong to the genus Azoarcus have been described
(Reinhold-Hurek et al. 1993). Nodulation of legumes by Buckholderia sp. a member
of the b-subclass of the proteobacteria showed that symbiosis with legumes is
widespread in bacteria (Moulin et al. 2001).
The quest for diverse forms of bacteria that are capable of symbiotic nitrogen
fixation is ongoing; as a result new nitrogen-fixing bacteria are being unearthed all the
time. The recent findings (Lilburn et al. 2001) of symbiotic spirochetes, Treponema
ZAS-9 from the termite guts, and free-living Spirochaeta aurantia; acetic acid
bacteria (Fuentez-Ramirez et al. 2001) with nitrogen-fixing ability are a good
example. It is evident that the future holds for more discoveries of diversified forms
of bacteria capable of symbiotic nitrogen fixation.
The rhizobia are distinguished from the other nitrogen-fixing bacteria by their
ability to make Nod factors, lipo-chitin oligosaccharide molecules (LCOs) (Hirsch et
al 2001). These molecules are synthesized by the action of nodulation genes, which
are unique to rhizobia, the common nodulation genes nodABC and host specific
nodulation genes (hsn). The GC content of the nodulation genes is lower than that
found in the chromosomes (Downie and Young 2001). This suggests that they may
have been recruited from other systems or external origin. These and other nif genes
for nitrogen fixation are carried by some of the rhizobia on accessory genetic
elements, the Sym plasmids. While the chromosome, carries most of the so-called
housekeeping genes. However, the Sym plasmids have also been shown to carry some
essential genes (Galibert et al. 2001, Downie and Young 2001, Barnett et al. 2001,
Finan et al. 2001).
31.1.2 Diversity
Rhizobia constitute a small proportion of the total soil bacteria. They could be
indigenous inhabitants associated with their native host, or introduced to the soil, as
aerial or seed-bourne contaminants or commercial inoculants especially in agricultural
soils. Methods for rhizobia enumeration and measures of diversity do not usually give
an accurate description. Numbers can be underestimated and diversity could also be
masked due to discrepancies caused by choice of the host to trap them and the soil
factors (Sadowsky and Graham 1998). For instance, higher diversity of Rhizobium
leguminosarum biovar viciae is observed in arable soils than in grass soils (Palmer
and Young 2000). Also Mendes et al. (1998), in their study of Rhizobium
leguminosarum biovar trifolii populations, have suggested that different size
aggregates of soil control the distribution of bacteria and influence their growth,
activities, and turnover. Mohammed et al. (2001) studied plasmid profiles of rhizobial
isolates from different Sesbania species from ecologically distinct sites. Their results
suggest plasticity of the rhizobial gene pool in response to environmental changes
enabling the rhizobia to adapt to habitat heterogeneity (Mohammed et al. 2001).
The diversity of rhizobia is assessed by an array of methods designed to gather
data that are generated from phenotypic and genotypic characters. These include:
classical phenotypic analysis and numerical taxonomy, whole cell protein analysis;
multilocus enzyme electrophoresis (MLEE), analysis of cellular fatty acids (FAME),
DNA-base composition, Pulsed Field Gel Electrophoresis (PFGE), DNA-DNA
reassociation, IS (Insertion sequence) typing; RFLP (Restriction Fragment Length
Polymorphism) of conserved genes which includes rRNA genes and intergenic spacer
regions profiling, repC profiling, and whole genome fingerprinting using AFLP
(Amplified Fragment Length Polymorphism), rep-PCR, RAPD (Randomly Amplified
Polymorphic DNA), ap-PCR (arbitrarily primed PCR) and DAF (DNA Amplification
Fingerprinting) (For a review see paper II and references there in).
Methods that are designed for genomic screening by producing fingerprints
give a representative picture, however, it is not usually possible to define which parts
of the genome are varying or quantify the similarities or differences (Young, 1992).
Gürtler and Mayall (2001) suggest that although the DNA based techniques (random
whole genome analysis, mobile genetic elements, specific gene variation) have
provided more information than the traditional phenotypic data, they also raise some
questions that were previously not evident. Random whole genome analysis methods
may apply for recent divergences, but where divergence may have occurred for some
time it is uncertain whether differences are linked to the stable part of the genome or
the exchangeable genes or regions (Gürtler and Mayall 2001). Unless they are
validated using whole genome analysis, they have the same standing as phenotypic
methods. Investigating the role of mobile elements in producing variation in randomly
amplified fragments of DNA should reveal the value of these analyses in typing and
taxonomy. The availability of full genome sequence data from diverse bacterial
groups may significantly contribute to the utilization of these data. “The full value of
microbial genomic hybridizations lies in providing the ability to understand and
display specific differences between closely related organisms providing a window
into understanding microheterogeneity, bacterial speciation, and taxonomic
relationships” (Murray et al. 2001).
4The publication of the full sequence of the symbiotic plasmid of
Sinorhizobium sp. NGR234 (Frieberg et al. 1997), and the full genome sequence of
Mesorhizobium loti (Kaneko et al. 2000), Sinorhizobium meliloti (Galibert et al. 2001)
and Agrobacterium tumefaciens (Wood et al. 2001) is a giant step to comparative
genomics in rhizobia. A comparison of the closely related rhizobial genomes using
DNA microarrays, and suppressive subtractive hybridisation is now possible and a
huge amount of data will be available for phylogeny and diversity studies. These
sequences will reveal more information on the diversity rhizobia (Downie and Young
2001).
1.1.3 Taxonomy
Beijerinck (1888) has first isolated a bacterium from root nodules, which he
named Bacillus radicicola. The taxonomy, and nomenclature of the root nodule
bacteria, has been in constant review ever since. After Frank (1889) named the
bacterium Rhizobium leguminosarum other species belonging to the same group were
identified. It was Fred et al. (1932), however, who first recognised the taxonomic
diversity of root nodule bacteria and classified them at first based on growth rates, and
also established their relationship with agrobacteria. The cross inoculation concept,
now almost defunct, defined plant species based on their shared symbionts, and has
been for a long times a criterion used for rhizobial classification. However, this idea
has been challenged because many overlapping host ranges have been observed, and
discordant plant-bacteria reactions cast doubt on its validity. For instance, a single
legume, e.g. Acacia, Glycine max or Leucaena can be associated with genetically
dissimilar symbionts. So with a few legume species, we have samples of large
bacterial heterogeneity (Martinez-Romero et al. 1996). Nevertheless, it became clear
that rhizobia were very diverse; both in host ranges and physiological properties, and
that there was some correlation between the two (Young and Haukka 1996).
Nowadays the polyphasic approach (de Lajudie et al. 1994, Jarvis et al. 1997) seems
to be best suited and has been adopted for rhizobial classification.
At present the rhizobial taxonomy is undergoing frequent changes because
strains with unique properties are being unearthed as more and more sources of
biodiversity around the world are being studied. Criteria that are designed to designate
genus, species, subspecies, biovars etc are probably in need of reappraisal.
Inconsistencies in the degree of over all DNA-DNA relatedness depending on
methods used and 16S homology discrepancy make these criteria detractive.
1.1.4 Phylogeny
Phylogeny attempts to reveal the evolutionary development and history of a
species or higher taxonomic grouping of organisms. Living organisms are all
connected by ancestor-to-descendant relationships. Phylogenies infer the connections
between all groups of organisms as understood by ancestor/descendant relationships.
In the past taxonomists have grouped organisms based on phenotypic
characters. Nowadays DNA and protein sequences are widely used to infer
phylogenies of organisms. Sometimes the phenotypic and genotypic data clash,
however, in a broader sense they tend to tell the same story. The underlying principles
of using genes and their products to trace the evolutionary history of organisms as a
whole or the hereditary base (genes) that make them up has been summarised by
Olsen (2001). “Genes (and their products) are records of their own history, and,
indirectly, records of the histories of the organisms possessing them. That is, we can
use molecular phylogeny to infer relationships of organisms if we understand both the
5relationships among present-day genes and the relationships of organisms to the genes
they carry.” Microbial phylogeny is largely dependent on these sequence information
since complex morphology; behaviour and fossil records are not available for
bacteria. However, microbial phylogenetic trees do not necessarily end with
bifurcating branches, but rather depicted as a network. This is largely because
extensive genetic transfer among species has been influencing their evolution. Sorting
this out is not going to be an easy task, the more data we collect the better we will be
able to build robust trees with more statistical significance. In a broader sense these
data will also help the tree of life project where a new field, phyloinformatics is being
designed (Pennisi 2001).  I hope this work as one of the many like it will be one that
contributes new data that can be used for phylogenetic purposes.
It becomes virtually evident that the rhizobia are not derived from a single ancestral
clonal form when one looks at the phlyogeny of rhizobia derived from different genes
that is intertwined with photosynthetic and pathogenic bacteria (Fig 1.).
6Fig. 1. A phylogenetic tree of rhizobia and related genera based on full size16S rRNA
sequences. The tree is constructed using the neighbor joining method in ClustalW
using published sequences. The Genebank accession number is shown in front of the
species.
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71.2 Molecular markers
One of the highly acclaimed paradigms of the present day molecular biology is
that molecular sequences almost reflect the essence of the whole organism, and
organisms are expounded as more or less the sum of all their genes. Molecular
phylogeny thus seeks to define the evolutionary history of organisms and strives to
decipher the universal tree of life where a hierarchical classification of organisms
down to the first ancestral form could be established. Early molecular phylogenies of
bacteria used largely proteins and these data provided a strong support to the famous
endosymbiosis theory (Doolittle 1999). From the late 70s onward large amounts of
DNA sequence data was used and the ribosomal genes sequences were crowned as
molecular chronometers. However, inferring phylogeny from molecular data is an
endeavour that is far from simple. It is evident that the molecules have been changing
through time and evolved along with the organism they make up. The rates, at which
these molecules change are highly variable and depend on the type of gene, segment
of the gene, lineages and time. As a consequence choices on molecular sequences to
infer phylogeny should balance the age of the phylogenetic divergence examined and
the rate at which the molecule evolves (Collins 1999). Rapidly evolving molecules are
better used for recent divergences and the slowly evolving ones for divergences that
occurred long ago. Mutations play a crucial role in destroying the evidence that
certain molecular characters were shared by organisms as a result of common history,
rendering quickly evolving molecules unsuitable for identifying ancient divergences
(Collins 1999). Mutational saturation causing long-branch attraction and among-site
variation is shown to be a notable source of errors or uncertainties in phylogenetic
inferences. Various variables affect the branching of a tree in phylogenetic studies.
These include: reliability of sequence alignment; regions of sequences that are
retained or excluded; number and range of species included; differences in the
evolutionary rates among species; base compositional differences between species,
and phylogenetic methods employed (Gupta 2000a).
Phylogenies inferred from the ribosomal sequences particularly the 16S rRNA
that codes for the smaller subunit of ribosome have been very useful in species
placement. Their limitation to resolve the relationships among the major divisions
within bacteria and also at times closely related species prompted an investigation of
other molecules (Gupta 1998, 2000a, 2000b, Ludwig and Schleifer 1999). Many other
molecules, for instance, aminoacyl-transferases, elongation factor genes, ATPases,
genes for replication, transcription and translation etc., may tell the same story as
rRNA. Nevertheless, a higher noise caused by lateral gene transfer is to be expected.
Gupta (1998) described a new approach of deducing phylogenies based on shared
signature sequences or indels in different proteins. Although his final observations
brought changes in branching orders for various divisions of the domains, they
however did not severely contradict ribosomal phylogenies; in fact, they
complemented them.
1.2.1 Ribosomal genes
The molecular clock hypothesis postulates that DNA sequence evolution is
roughly constant over time in all evolutionary lineages (Li et al. 1987). The rRNA
gene has been exalted as the ideal evolutionary molecular chronometer largely due to
some of its inherent characteristics. These are: its abundance, being coded for by
organellar as well as nuclear and prokaryotic genomes, universality, varying degree of
conservation, suitable size, features that are attributed to a good phylogenetic marker.
Ever since Woese (1987) published the universal tree, no other gene has been
8explored for phylogenetic purposes to such extent as the 16S rRNA. Different reports
(Fox et al. 1992, Rainey et al. 1996 and Ludwig and Schleifer1999), however, have
shown the limitations of using this gene for phylogenetic studies of especially closely
related organisms. Some cases where the 16S sequence becomes inadequate to
delineate species within a genus are presented by Fox et al. (1992). The use of the 16S
gene to define species has to be taken cautiously since its very slow evolution may
render different species the same sequence. However, it has a remarkable use for
delineation of genera.
In prokaryotes, the rRNA genetic loci contain the genes for all three rRNA
species: 5S, 16S, and 23S genes. These genes are separated by spacer regions, which
exhibit a large degree of sequence and length variation at the level of genus, species
and even strains (Jensen and Straus 1993).
The gene for the larger subunit of ribosomal RNA, the 23S rRNA, has the
same virtues as the 16S gene, and much more phylogenetic information is contained
in it. The variable part of this gene shows a faster evolutionary rate than the conserved
part. In fact, a high degree of sequence divergence may be observed in species that
have an almost identical 16S sequence; differences between strains can also be
identified (Terefework et al. Unpublished data). Although more and more 23S
sequences are coming out in recent literature (Tesfaye et al. 1997, Pulawska et al.
2000) the 23S database is still very small. The RDP database (Olsen et al. 1992,
Maidak 1999) contains extensive sequence information from the ribosomal genes and
provides services, on ribosomal RNA (rRNA) nucleotide sequence data in aligned and
unaligned forms, analysis services, and associated computer programs for
phylogenetic inferences. However, the large subunit LSU data is not as robust,
extensive and comprehensive as the small subunit or SSU.
Multiple rRNA operons have been reported for rhizobia (Honeycutt et al.
1993, Huber and Selenska-Pobell 1994, Kundig et al. 1995). The various copies in the
species are also the same size, and the difference in the size of a PCR amplified 16S
gene from phylogenetically related genera (in rhizobia about 1.5 kb) is not detectable
by agarose gel electrophoresis. However, allelic variations have been observed
between sequences in different copies of the 16S ribosomal gene. These sequence
variations between copies of the 16S gene appear in the variable domain (Clayton et
al. 1995, Haukka 1997, Ueda et al. 1999). Sequence variations due to base
substitution, deletion or insertion are mostly accumulated in this part of the gene. The
rRNA multi gene families are shown to be characterized by high levels of
recombination dependent heterogeneity (Yap et al. 1999) and homogenisation or
concerted evolution (Gürtler and Mayall 2001). This variability could obscure true
relationship between isolates because the role of recombination and the role of intra-
isolate variation of rRNA operons have not been established. Studies on the
expression of the different operons could reveal why single sequences may not
adequately represent taxa (Condon et al. 1992, Clayton et al. 1995).
 The genes for rRNA are supposed to be immune to horizontal transfer,
because of their ancient and fundamental function in the cellular economy,
interactions with a large number of other components and decreased translational
efficiency associated with recombinant rRNA alleles (Petes and Hill 1988, Eardly et
al. 1996, van Berkum and Eardly 1998, Ueda et al. 1999 and Doolittle 1999).
However, there is reported evidence for the horizontal transfer of an entire rRNA gene
cluster (Yap et al. 1999) and its exchange among members of close taxa (Jain et al.
1999, Asai et al. 1999). There is also evidence for a transfer of 16S rRNA sequences
between species of mesorhizobia (Sullivan et al. 1996).
9Horizontal Gene Transfer (HGT) has been accounted for most of the genetic
drifts that empowered the evolution of genomes, particularly in bacteria. Recently
after the publication of the full sequence of the human genome, the role of horizontal
transfer of genes from bacteria to vertebrates has excited intensive research and
heated discussion (Stanhope et al. 2001). However, the situation with the Bacteria
Vertebrate Transfer (BVT), seem to be accorded by the scientists involved. Using
vigorous phylogenetic analysis two possible explanations have been suggested: a
consequence of either a gene loss or descent through common ancestors (Salzberg et
al. 2001). Villarreal and DeFilippis (2001) have provided an alternative explanation
that viral colonization of host genomes can account for apparent lateral transfer
between distantly related organisms.
1.2.2 Chromosomal genes
Although the 16S rRNA phylogeny has become a universal paradigm, it is
quite obvious that the true evolutionary history of organisms can only be inferred
from the sum of phylogenies of suitable molecules that are evolving more or less in a
manner in which a molecular clock is expected to behave. The use of several genes
sequences in phylogenetic studies helps to establish consensus relationships from
which it is possible to follow overall recombination, horizontal transfer and
mutational events that shape the evolutionary history. Comparative phylogeny can
also be used to determine the extent of recombination, where congruence of gene trees
strongly suggests clonality while significant divergence in trees can be accounted by
recombination. RNA polymerases, elongation factor G (EF-G), proton translocating
ATP synthases, recA (gene for DNA recombination); DnaK or Hsp70 (heat shock
protein 70), nifA, nifH (nitrogen fixation genes); GSI and GSII (glutamine
synthetases) are some of the genes used for phylogenetic inferences.
The majority of these genes that are located on the chromosome are not
extensively used for rhizobial phylogeny; however, some rhizobial representatives
included always fall in the expected a-proteobacteria group. Concurrent evolution
was observed in comparative phylogenies of nifH sequences and the 16S sequences
(Hennecke et al. 1985, Young 1991, Haukka et al. 1998). A comprehensive
phylogenetic study of rhizobia was done on genes GSI and GSII (Turner and Young
2000), and atpD and recA genes (Gaunt et al. 2001). Whereas the GSI phylogenies are
in good agreement with the 16S phylogeny, certain anomalies between GSII and 16S
phylogenies were observed. The GSI phylogeny supports the Mesorhizobium and
Sinorhizobium groupings, however, the R. galegae sequence did not form a coherent
group but was placed midway between the Rhizobium and Sinorhizobium clusters.
The GSII phylogeny, unlike the GSI or 16S phylogeny, places R. galegae with R. etli
and R. leguminosarum. Other anomalies of the GSII phylogeny are observed in
distance discrepancies between R. leguminosarum-B. japonicum and R.
leguminosarum-S. fredii sequences, and the positioning of M. huakuii out of the
Mesorhizobium group. Although, Turner and Young (2000) did not find any evidence
for recombination to explain the anomalies, a replacement of the whole gene has been
suggested (Gaunt et al. 2001). Phylogenies of atpD and recA also support the
Mesorhizobium and Sinorhizobium clades, however, the clustering of Rhizobium
galegae with Agrobacterium is not as well supported as in 16S phylogeny. These
results clearly show that other genes also show the uncertain similarities observed in
16S sequences. Wang et al. (1998) noted that the clustering of R. galegae with
Agrobacterium disappears when more sequences were added to that part of the
cluster. Increased phylogenetic sampling of housekeeping genes and other ribosomal
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sequences may provide additional insight about the evolutionary history of R.
galegae.
1.2.3 Plasmid bourne genes
Accessory genetic elements such as plasmids play a very important role
making the life of bacteria interesting and exciting. Characters such as pathogenicity,
antibiotic resistance, toxins, symbiotic elements, or genetic information transfer are
known to be encoded within these elements. It has been suggested that the biggest
source of variation and the driving force in adaptive evolution in bacteria is the
horizontal transfer of genes that are mainly found in these accessory genetic elements
(Levin and Bergstrom 2000). Transfer of these genetic elements or even ordinary
genes can be facilitated by hitchhiking on conjugative plasmids or phages or by being
picked up as free DNA by hosts with transformation mechanisms, transduction and
conjugation (Levin and Bergstrom 2000).
Most of the rhizobial species harbour large plasmids that vary in number and
size. These plasmids are not always associated with symbiosis, in some cases they
contain genes involved in overall cellular activities and some of them are also cryptic
(Mercado-Blanco and Toro 1996). Downie and Young (2001) suggested a
reconsideration of the concept of bacterial genome organization while reviewing the
fully sequenced rhizobial genomes. An overview of the fully sequenced symbiotic
plasmids from Sinorhizobium sp. NGR234 (Freiberg et al. 1997), S. meliloti SymA and
SymB (Barnett et al. 2001, Capela et al. 2001, Finan et al. 2001) and two large
plasmids from M. loti (Kaneko et al 2000), shows that although they have a plasmid
mode of replication (Palmer et al. 2001), some of them carry essential housekeeping
genes like the chromosome. In most cases genes for the symbiotic association are
located within these plasmids commonly known as Sym plasmids. Acquisition and
loss of these plasmids, which is a continuous and dynamic process, seem to play a
major role in the evolution of rhizobia. Plasmid exchange is not restricted among the
rhizobia only. For instance, transfer of the Agrobacterium tumefaciens Ti plasmid to
rhizobium ex planta, expression of the Sym plasmid of Rhizobium trifolii in different
rhizobial species and Agrobacterium tumefaciens (Hooykaas et al. 1981), and
mobilisation of megaplasmid into other rhizobia and agrobacteria (Kondorosi et al.
1982, Truchet et al. 1985) have been shown. Moreover, transfer of rhizobial plasmid
to A. tumefaciens has resulted in formation of nitrogen-fixing nodules (Martinez et al
1987). Freiberg et al. (1997) suggest that the sym-plasmid of Rhizobium, might have
been originated in the plant pathogen A. tumefaciens. A comparison of the whole
genome sequence of A. tumefaciens with S. meliloti showed that long stretches of
DNA are essentially the same in both (Wood et al 2001). The authors report that
phylogeny of conserved protein sequences indicate that these species share a common
ancestry and may have diverged recently. The incorporation of the “symbiotic
islands” (Sullivan and Ronson 1998) in the chromosome of Mesorhizobium loti may
be one result of such processes. Plasmid instability in rhizobia where genome
rearrangements result in a loss or gain of symbiotic performance has been shown in a
number of studies (Djordjevic et al. 1982, Weaver et al. 1990, Romero et al. 1991,
Zhang et al. 2001).
Phylogenies inferred from the so-called common nodulation genes nodABC
and the regulatory nodD do not correlate well with the 16S phylogeny. Thus, they do
not reflect the current taxonomy of rhizobia (Wernegreen and Riley 1999, Ueda et al.
1999, Suominen 2000, Laguerre et al. 2001). However, from the point of view of host
range, the Sym genes provide a proper definition, and enrich our understanding of
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Rhizobium-legume symbiosis (Laguerre et al. 2001). Consequently, characterization
and phylogenetic classification of rhizobia based on the nodulation genes may help in
description of new rhizobial genera and species.
1.3 Symbiosis
The concept and term symbiosis as first proposed by Anton de Barry in 1879
did not include an inference whether the partners are benefited or harmed by the
association. It was proposed as a collective name and De Bary explicitly included
parasitism, mutualism and commensalism. The meaning of the word symbiosis, “a
close physical association between two organisms” or “a mutually beneficial
relationship between the two organisms”, has recently been a subject of comment in
the journal Nature by David M. Wilkinson. In this thesis I will concur with the view
of this author regarding the obvious question, which is the better definition of
symbiosis?  Wilkinson argues: “The broader, living-together usage has the apparent
advantage of historical precedence and it also appears to be the favourite one in the
recent technical literature. It has the additional advantage of focusing attention on a
fascinating evolutionary question: why some symbionts are parasites while others are
mutualists, and why some organisms switch roles” (Wilkinson 2001).
1.3.1 Rhizobium-legume association
Rhizobia have been referred as sympathogens (Spaink 1995), prokaryotic
plant parasites (Long and Staskawicz 1993) and refined parasites of legumes
(Djordjevic et al. 1987). The various appellations given above express the intrinsic
nature of rhizobia. Their ability to elicit hypersensitive reactions or even produce
toxins renders them to be pathogens. On the other hand, their close association with
plants for ready-made food supply and their ameliorating effect on plant growth
strongly suggest mutualistic existence. So in this relationship potentials of conflict
(rhizobial virulence), co-operation (supply of nutrients to and from) and selection
constraints (evolutionary moulding) are exhibited. Rhizobia are also able to survive in
the soil leading a saprophytic life. The Aeschynomene stem nodulating rhizobia are
shown to be equipped with a photosynthetic apparatus, and bacteriochlorophylls,
which resemble those of the purple photosynthetic bacteria (reviewed by Fleischman
and Kramer 1998). It does not seem surprising then that a rather diverse group of
bacteria, with different physiological adaptations and life styles, cluster closely with
rhizobia in phylogenies inferred from ribosomal RNA sequences (see Fig. 1).
According to Ochman and Moran (2001) the basic requirement of a successful
pathogen or endosymbiont are: “contacting and entering the host body, growth and
replication using nutrient from host tissue, avoidance of host defences, persistence
and replication and exiting and infecting new hosts”. A review by Hentschel et al.
(2000) shows that the underlying molecular mechanisms between symbiosis and
pathogenesis are similar and these interactions are not necessarily different
manifestations of bacteria-host interaction. These authors suggest that both pathogens
and symbionts use common mechanisms, such as, quorum sensing, type III secretion
of effector molecules (TTSS) and the two component regulatory systems for
successful colonization and adaptation of the host environment.  Plant symbionts have
similar requirements for prolonged survival as mammalian pathogens (Levier et al.
2000). Control of rhizosphere genes that are dependent by quorum-sensing
mechanisms have been shown in Rhizobium leguminosarum by Rodelas et al. (1999).
Recent advances in molecular biology allow studies to get insights concerning the
mechanisms of symbiogenesis-signal transduction, morphogenesis of the symbiosome
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and metabolic integration of the partners (Moran and Wernegreen 2000, Provorov
2000).
The Rhizobium legume association result in the development of a novel organ,
the root nodule. Both partners regulate the development of the nodule into a
functional symbiosome. Initiation of the nodule primordium is caused by rhizobial
signals; however, cases where nodule formation in the absence of Nod factors in
Medicago sativa have been reported. Although the implication of this means the
presence of endogenous plant signals there is no solid evidence to support this notion
(reviewed by Cohn et al. 1998). After its initiation the nodule organogenesis follows a
predetermined developmental pathway. Several signal molecules and genes
participate in the development of the nodule, and the physiological changes they
induce have been identified; but many exact functions and relations remain to be
elucidated (Bladergroen and Spaink 1998).
1.3.2 Molecular interaction between partners
The interactions between legumes and rhizobia require specific binding of the
prokaryote to the host cell surface, uptake of the prokaryote into the plant root and,
most importantly, the survival and active replication of the internalized prokaryote in
the membrane bound symbiosome. This partnership between the legumes and the
rhizobia is facilitated through the molecular crosstalk that takes place in the
rhizosphere (Fig. 2). Legume genomes are tens of times larger than those of the
rhizobia. However, both partners have developed complex systems for establishing
the symbiotic interaction for their mutual benefit, although a clear disparity between
the genomes of the partners is observed (Broughton et al. 2000).
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Fig. 2. The rhizobium-legume symbiosis, the partners, the signals and the
responses involved. Partially adapted from Perret et al. (2000). Courtesy of Gilles
Lortet.
The root exudates of plants contain CO2, sugars, amino acids, organic acids,
hormones, phenolic substances, and vitamins. Flavonoids, the inducers of nod genes
in rhizobia are chosen in evolution because they are unique selected markers for the
hormonal balance of the root (Bladergroen and Spaink 1998, Spaink 1998). These
compounds jettisoned by plants lure the soil organisms, both mutualistic and
pathogenic to the roots, but only some of their constituents act as signals that induce
responses in the symbiotic rhizobia. Flavonoids, which include isoflavones,
chalcones, flavonols, flavones, and anthocyanidins amongst other related compounds,
induce genes for nodulation in rhizobia. Also coumarines and betaines can have nod-
gene inducing activities. Other flavonoids, such as chrysin can antagonize the
induction of nod genes.
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Besides nod gene induction, the flavonoids appear to have multiple roles
during several stages of nodule and plant development, they are also at times
catabolized and their degradation could lead to the appearance of compounds that are
more efficient inducers than themselves (Perret et al. 2000, Broughton et al. 2000).
Flavonoids are also playing a role in pollen tube growth, as pigment precursors and as
defence substances, for instance, phytoalexin (Spaink 1998). Usually the most
promiscuous rhizobia are induced by a large number of flavonoids and related
compounds.
The rhizobia in turn produce Nod factors, lipo-chito oligosaccharides (LCOs)
that trigger plant responses, initiation of cell division to form a nodule primordium.
Nod signal recognition, which initiates the molecular dialogue between legumes and
their rhizobial counterparts, is clearly an essential step in legume nodulation. Nod
signals, commonly known as Nod factors, are substituted lipo-chitin oligosaccharide
(LCOs) molecules produced by rhizobial nod, nol and noe gene products. The Nod
factor is composed of a core oligosaccharide, a fatty acid side chain and various
substitutions on different sites of the molecule. The length and the saturation of the
fatty acid substituent component and the type and position of the various substitutions
on the Nod factors play a crucial role in specificity. Nod factors prompt root hairs to
deform and allow rhizobia to enter the root through infection threads. They also
induce flavonoid accumulation in exudates.
The molecular dialogue does not culminate even when the bacteria gain access
to the interior of roots and continue their way through the symbiotic organ, root
nodule, via infection threads. Other sets of signals necessary for the completion of the
infection process and nodule organogenesis are the extracellular polysaccharides
(EPS), lipopolysaccharides and K-antigens, cyclic glucans, lectins and proteins
exported by type three secretion system (TTSS) (Relic et al. 1994, Hirsch 1999,
Broughton et al. 2000, Frugier et al. 2000, Spaink 2000). Some plant lectins that are
exuded into the rhizosphere have been shown to stimulate rhizobial adsorption and
infection (Schauser et al. 1999, Lodeiro et al. 2000), and their influence in the
specificity of the rhizobium-legume interactions has been elucidated (van Rhijn et al
1998, Hirsh 1999).
Although a wealth of information has been obtained about the functions and
regulation of these molecules, the complexity of symbiotic gene regulation especially
at the later stage of symbiosis is poorly understood. The major challenge is the
absence of knowledge of plant factors that are involved in their recognition (Spaink
2000).
1.3.3 Diversity and specificity of Rhizobium-legume association
A wide range of host and symbiont specificity is observed between rhizobia
and legumes. The various degrees of promiscuity are not the characteristics of the
rhizobia only, but also the legumes are shown to harbour diverse rhizobia (Perret et al.
2000).  The association established between the rhizobia and legume is an interaction
mediated by two-way exchange signals in a host-specific and guest-specific manner.
The molecular basis of these exchange signals is dependent on the partners involved
(Broughton and Perret 1999). The first step that determines host range begins with the
interaction of the flavonoids with the NodD (Spaink 1987). Since the plant releases a
variety of flavonoids it is not always clear whether a particular flavonoid or their
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mixture that induces the receptive nodulating bacteria to produce Nod factors. Studies
(Spaink 1989) have also shown flavonoid independent hybrid NodD products that
vary in their response to different sets of flavonoids.
In rhizobia various complexities of the nodD genes are observed, and NodD
homologues from the same strain might be induced by different flavonoids
(Györgypal et al. 1991). The next step is then the perception of Nod factors by the
plant at or outside the cell membrane of the root hairs. Studies (reviewed by Schultze
and Kondorosi 1998, Perret et al. 2000) have shown that very low, up to femtomolar,
concentrations of Nod factors are able to elicit epidermal responses, root hair
deformation and induction of nodulin genes, in root hairs of legumes. Epidermal
responses, such as ion fluxes, plasma membrane depolarisation increase in
intracellular pH, and accumulation of Ca2+ are brought in a matter of seconds
(reviewed by Cullimore et al. 2001). These rapid responses and the physicochemical
properties of Nod factors suggest the presence of receptors across the plasma
membranes of root hairs (Cullimore et al. 2001). However, the slower responses,
complete root hair deformation, modification of gene expression, cytoskeleton
modification, formation of pre-infection threads etc. will take minutes, hours and days
and are also influenced by Nod factors or perhaps by other glycolipid or chitin
derivatives. Whether these responses are due to activation of different Nod factor
receptors with different specificities remains to be elucidated. However, it has been
shown in legumes like Phaseolus and Glycine that maximal responses are due to the
cooperative action of different Nod factors (Perret et al. 2000). Moreover, nodulation
controlled by Nod factors with specific a, b-unsaturated N-acyl chain are restricted to
the galegoid phylum (Yang et al. 1999). A review by Cullimore et al. (2000) describes
several protein and gene candidates as Nod factor receptors. These include: Nod
factor binding sites (NFBS1 and NFBS2) found in Medicago and Phaseolus; lectin
(LNP or lectin nucleotide phosphohydrolase) found in Dolichos Glycine and
Medicago; genes, SYM2 and SYM10, found in Pisum sativum, and nn1from Medicago
sativa, that permit infection or whose mutant lines are shown to be blocked in early
responses. Although the interaction of NodD with flavonoids is playing a crucial role
in host range it is not sufficient to explain specificity. Cases are shown where species
that have identical Nod factors have distinct host ranges e.g. R. etli and M. loti.
Conversely, two rhizobia that nodulate the same plant produce different Nod factors,
e.g. R. tropici and R. etli nodulate P. vulgaris; B. elkanii, B. japonicum,
Sinorhizobium sp. NGR234 have a number of common hosts. The two-component
regulatory systems, such as NodV and NodW of Bradyrhizobium are other species-
specific-sensor activator systems (reviewed by Perret et al. 2000).
1.3.4 Recognition strategies and their impact on evolution of symbiosis
The nodulation genes nodABC that catalyse the synthesis of the Nod factor
core and the activator nodD were believed to be common for all rhizobia. This was
supported by the fact that they can be complemented without altering the host range
of the recipient bacterium (Kondorosi et al. 1984). However, they are found to be
involved in host specificity. For instance, transconjugant strains of R. leguminosarum
bv. viciae containing the nodA gene from Bradyrhizobium were not able to form
nodules on their usual hosts (Ritsema et al. 1996). NodA of R. meliloti, in contrast to
NodA of R. tropici, is able to transfer unsaturated C16 fatty acids onto the chitin
backbone and NodC of R. meliloti specifies the synthesis of chitin tetramers (Debellé
et al. 1996, Roche et al. 1996). These results are clear indication of that allelic
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variation of the common nod genes play crucial roles in signalling and host specificity
(Peters 1997). The phylogeny of the common nodulation genes does not correlate
with the 16S phylogeny of rhizobia; instead, it reflects the phylogeny of the host
plants (Dobert et al. 1994). This suggest that a host driven constraint mechanism may
be involved in the evolution of some of the nodulation genes rendering inter-species
variation of signal/receptor mechanisms (Peters 1997, Suominen 2000).
Distantly related rhizobia infect closely related legumes and closely related
rhizobia infect legumes from different tribes. The Rhizobium leguminosarum biovars
are good examples of this phenomenon. Plants in the tribe Phaseoleae (Phaeseolus,
Vigna, Glycine and Cajanus) are nodulated by R. leguminosarum bv. phaseoli and as
well as by Bradyrhizobium and Sinorhizobium species (Reviewed by Gaultieri and
Bisseling 2000). R. leguminosarum bv. trifolii and bv. viciae nodulate legumes from
completely different tribes. Moreover, it has been shown that diverse rhizobia,
belonging to the Rhizobium, Mesorhizobium, and Sinorhizobium groups, that nodulate
these tribes produce Nod factors containing N-acylated polyunsaturated fatty acids
(Yang et al. 1999). The tropical legume Sesbania is nodulated by distantly related
Azorhizobium and Sinorhizobium species that produce the same unique set of Nod
factors (Lorquin et al. 1997, Mergaert et al. 1997). This suggests that acquisition of
genes determining Nod factor structures is due to horizontal gene transfer. Hence,
recognition strategies adopted by the rhizobia seem to be a result of congeneric and
intergeneric gene transfers facilitated by the selection pressure exerted by the plant.
Moreover, Nod factor recognition by non-legumes has been demonstrated on
transgenic rice. This suggests a widespread occurrence of Nod factor
perception/transduction mechanism from which the legume mechanism may have
evolved (Gaultieri and Bisseling 2000).
The high degree of homology among the “common” nod genes suggest that
they are monophyletic, however, the host specific nodulation genes could have
appeared independently by gene duplication or lineage sorting, though their lateral
transfer could not be excluded (Provorov 1996, Suominen 2000). Hence, acquisition
of the different strategies for nodulation may have evolved independently under the
functional constraint of the host (Provorov 1994).
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1.4 Rhizobium galegae as a model to study rhizobium-legume symbiosis
Centuries of research on the rhizobia has revealed a lot about their role in
symbiosis. However, due to the complicated nature of this symbiosis and the
tremendously diverse group of bacteria involved in it key questions pertaining to the
nature of host specificity remain elusive. The ever-growing understanding of the
molecular basis of organisms is expected to give answers to these questions.
The rhizobia-legume interaction involves two completely different organisms
with distinct roles that are mediated by signal molecules. Models to study the role of
each partner reveal the nature of this association and the underlying genetic
architecture that enables them to accomplish their respective tasks. The role of the
plant is being studied using legumes that have small genome size and readily mutable,
distinguished examples of this are Medicago truncutula and Melilotus alba. This
plants are chosen because they are nodulated by Sinorhizobium meliloti the most
widely studied rhizobium species, several germ lines are already established and they
can be readily transformed by A. tumefaciens. Rhizobium galegae can be one model
for specificity studies because it provides certain advantages due to its interesting
phylogenetic position and its tight specific interaction with only two host plants, G.
orientalis and G. officinalis.
The phylogenetic position of R. galegae remained rather unclear. The species
also provides a very good example of how interpretation of evolutionary history can
change depending on the gene or segment of gene that is used to infer phylogenetic
relationships. Partial sequencing of 16S rRNA gene regions (300 bp of the variable
region) on the other hand placed R. galegae close to Mesorhizobium loti (Young et al.
1991). Analysis of the full 16S rRNA sequences placed R. galegae on a branch with
Agrobacterium (Willems et al. 1993). Genetic distances based on RFLP analysis of
16S-IGS rRNA region places R. galegae with Mesorhizobium ciceri and
Mesorhizobium loti (Nour et al. 1994). A UPGMA dendrogram generated from RFLP
(Restriction Fragment Length Polymorphism) analysis of 16S rRNA also placed R.
galegae on the Agrobacterium branch (Nick et al. 1999). Phylogeny inferred from
GSI sequences did not place R. galegae with any of the above groups but midway
between Rhizobium and Sinorhizobium (Turner and Young 2000).
R. galegae forms is quite host specific as it only forms a symbiotic relationship
with two Galega species G. orientalis and G. officinalis in a host specific manner.
Strains belonging to either of the two biovars, orientalis and officinalis, are capable of
initiating nodule organogenesis and development of fully-grown nodules in both hosts
(Radeva et al. 2001). However, they maintain their nitrogen-fixing ability only in their
respective hosts. As it becomes clear in this study significant differences are observed
in their chromosomal as well as symbiotic plasmid genetic architectures that can only
be elucidated by extensive molecular studies. Studying R. galegae as a model would
provide insights on the molecular basis of host specificity, the evolution of rhizobia
and the mechanisms that operate on it.
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2 Aims of the study
 Studies on new biodiversity resources of rhizobia and the increasing number
of new methodologies incorporated in the polyphasic approach are changing the
taxonomy of rhizobia. As a result new genera and species are continuously described,
and the future holds for more.  While chiefly investigating the taxonomy and
phylogeny of Rhizobium galegae, this thesis has the following objectives:
1. Evaluation and application of the 23S rRNA gene in rhizobial phylogeny, thereby
clarifying the phylogenetic position of the R. galegae species. (I)
2. Assessment of the genetic diversity of the two biovars of Rhizobium galegae (I, II,
V)
3. Investigating the use of AFLP fingerprinting and alternative detection methods in
diversity studies using R. galegae and other rhizobia from different biodiversity
resources. (II, III)
4. Appraisal of diversity and phylogeny studies in understanding of the Rhizobium-
legume symbiosis. (I, II, III, IV, V)
5. Introducing emphasis on molecular evolution of the Rhizobium-legume
interactions from the point of view of coevolution, using evolutionary
perspectives of specificity and diversity. (IV, V)
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3 Materials and methods
3.1 Methods used in this study
Table 1. Methods used in the study, the respective paper where they appear and
references.
Method Described in
paper
Reference
Bacterial strains and growth
conditions
I, II, III and IV Lindström et al. (1983)
DNA extraction I, II, III Wilson (1989),
Chomczynski and Sacchi
(1989),
Nick et al. (1999) and Boom
et al. (1990)
PCR conditions I, II, III
Primers
· 16S
· 23S
· ITS
· AFLP
· rep-PCR
I, II, III
Wiesburg et al. (1991), and
this study
Stone et al. (1995), and this
study
Normand et al. (1999)
Zabeau and Vos (1993), Vos
et al. (1995), Janssen et al.
(1995) and this study
Versalovic et al.(1991) and
De Bruijn (1992)
AFLP fingerprinting
· Silver staining
· Fluorescent AFLP
II and III Vos et al. (1995)
Bassam et al. (1991)
Dresler-Nurmi et al. (2000)
PCR RFLP of 16S and 23S I, and III Gürtler et al. (1991)
Sequencing I, and III Ridell et al. (1995)
Clustering and Phylogenetic
anlysis
I, II, III and IV Nei and Li (1979)
Felsenstein (1988)
Thompson et al. (1994)
Gelcompar and Bionumerics
soft wares (Applied Maths)
Swofford et al. (1999)
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3.2 Methods other than those described in papers I-V
3.2.1 Sequence analysis
Sequences were aligned and Phylogenetic trees were constructed using ClustalW
(Thompson et al. 1994) by the neighborjoining method (Saitou and Nei 1997). The
aligned sequences were adjusted manually using the GeneDoc program (Nicholas and
Nicholas 1997) (www.psc.edu/biomed/genedoc). The trimmed sequences were then
used in the SimPlot version 2.5 (S. C. Ray:
http://www.med.jhu.edu/deptmed/sray/download/) program for comparison and
bootscanning to search for informative sites.
4  Results and discussion
4.1 AFLP
Amplified Fragment Length Polymorphism (AFLP) has been used on DNA
from a variety of sources. Its use for genomic fingerprinting has been investigated
(reviewed by Jansen et al. 1995) and proven as a reliable method with high degree of
reproducibility. We investigated the use of AFLP on rhizobial samples and evaluated
various detection methods.
AFLP fingerprints were obtained from all the samples used in this study,
including the type species of rhizobia studied (Papers II, III and V). This study
confirms the already established fact that this method can be used virtually on any
DNA from any source. DNAs isolated with different techniques gave identical
fingerprint patterns. Other factors, the MgCl2 concentration and the type of
polymerase used that have been shown to affect PCR fidelity and thereby fingerprints,
for instance in rep-PCR and RAPD, did not influence the results. A result of a time
course experiment using three different polymerases (Dynazyme, Taq and red-hot
DNA polymerase) is shown in Fig 3. The method has been employed for assessing the
rhizobial biodiversity from different sources, and has proven to be very effective
(Janssen et al. 1995, Huys et al. 1995). Out of the various detection methods used,
autoradiography, colour detection, silver staining and fluorescent labelling (see Fig 1-
5 paper II), the latter seems very appropriate when dealing with a large number of
samples. In biodiversity studies a large number of samples have to be used to get an
overall picture. Thus, the fluorescent based AFLP genomic fingerprinting is a highly
valuable technique.
AFLP fingerprint data delineated the Rhizobium galegae biovars into separate
clusters. The diversity of biovar orientalis strains isolated from Galega orientalis in
its native surroundings seems to be higher than the introduced G. officinalis strains
(paper II and paper V). The high genetic diversity of the biovar officinalis strains
(paper II) is accountable to the fact that they are collected from different geographical
sources and the lesser number of bv. orientalis strains used in the study. The results
reported in paper II are coherent with the other genomic screening results obtained
(paper V).
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         A                                                           B                                                           C
Fig. 3. Time course experiment using three different polymerases, A=dynazyme
B=Redhot DNA pol. and C=Taq pol. Number of cycles from left to right
30, 26, 24, 20, 18, 16, 14. The picture is obtained from 32P-labelled PCR products run
on 5% PAGE scanned on phosphoimager.
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4.2 PCR-RFLP of the ribosomal genes
Restriction fragment length polymorphism (RFLP) has proved to be handy and
adequate especially on genes with low kinetic complexity and closely related DNA
sequences (Nei and Tajima 1980, 1983). RFLP of PCR amplified 16S rDNA or
Amplified Ribosomal DNA Restriction Analysis (ARDRA) has been used in a
number of studies in rhizobia, e.g. (Vaneechoute et al. 1992, Laguerre et al. 1994,
Selenska-Pobell et al. 1995, Nick 1998, and Zhang et al. 1999). In this study we have
extended the use of this method on the 23S gene, and made use of the phylogenetic
information available in it. The size and degree of conservation of the 16S gene
makes it an ideal phylogenetic marker. However, a careful examination of the large
subunit also reveals that this gene also possesses these virtues (Olsen and Woese
1993). The region, about 2200 bp, which excludes the highly variable region, known
as intervening sequences (IVS), at the beginning of the 23S gene, has been selected
for PCR-RFLP (Papers I, II, III). We found that there is sufficient variable and
conserved sequence information in this region to infer phylogeny. The IVS region
located at the 5´end of the 23S rRNA genes contains highly variable extra stem-loop
structures in which the cleavage and fragmentation of 23S rRNA occur (Burgin et al.
1990, Hsu et al. 1992, Gutell et al. 1993, Euvgenieva-Hackenberg and Selenska-
Pobell 1995). We excluded this part of the gene in order to avoid random noise that
renders the phylogenetic analysis delusive. This is evident specially when different
rates of sequence changes are observed between taxa (Bastyns et al. 1995). Lineages
with a faster rate of changes tend to artificially join the outgroup. Primers designed to
amplify this region have been tested on a wide range of rhizobia, other proteobacteria
and some gram-positives as well. The primers could amplify the gene and the size of
the product is the same in all cases. Using this method we have been able to separate
species such as Agrobacterium rhizogenes and Rhizobium tropici (see Fig. 3 paper I)
that otherwise have an almost identical 16S rRNA sequence. PCR-RFLP of this gene
region has been subsequently used on rhizobia isolated from different legumes in
different parts of China. The data from the LSU complemented the SSU data,
provided more phylogenetic information, and assisted in constructing phylogenies that
root deeper (see Fig 1 and 2 Paper I). Furthermore, more genotypes were resolved
from the combined data (see Fig. 4 paper I).
4.3 PCR-RFLP of rRNA ITS
The genetic information contained in the intergenic spacer region (ITS),
commonly known as IGS, did not seem appropriate for phyogenetic inference. This
region which, in fact, should be called ITS or internal transcribed spacer, encodes
various tRNAs for different amino acids. Depending on the type and number of
tRNAs, its size and sequence vary between species and sometimes even strains
(Broisus et al. 1981, Loughney et al. 1982, Jensen and Strauss 1993 and Normand et
al. 1999). In rhizobia, due to the presence of multiple rRNA operons PCR
amplification of the ITS region renders multiple amplimers in some of the species or
strains. This can be viewed as a direct evidence for different evolutionary rate of the
ITS region in related organisms, making it phylogenetically non-informative. As a
result inferring phylogeny using the polymorphy or even sequence divergences of this
part of the gene is not recommended. In addition, the high sequence variation among
species and strains suggest a much faster evolution of this part of the ribosomal
operon when compared with the 16S and 23S genes. Thus, using this part of the gene
for phylogenetic purposes could lead to erroneous conclusions; however, it has a great
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potential use for screening and strain identification. For instance in this study, its use
has been tested on Rhizobium galegae strains from Galega orientalis and Galega
officinalis and it clearly delineates the two biovars. We have shown that the
Rhizobium galegae biovars can be clearly separated into two distinct groups by their
IGS-RFLP profiles (paper V).
4.4 PCR-RFLP of symbiotic loci
The two R. galegae biovars show a high degree of specificity, specifically in
terms of their ability to fix nitrogen within the their respective host. This indicates that
there may have been some changes in their symbiotic loci significant enough to
explain this specificity.
The Rhizobium galegae genes involved in symbiosis are widely dispersed in a
long stretch of DNA. The distance between the two cosmid clones on plasmids pRg30
and pRg10 where nod-box sequences identified is unknown (Suominen et al. 1999).
However, the rhizobial common nodulation genes nodABC, nodD sequences and a
wide range of genes involved in different stages of symbiotic nitrogen fixation are
represented. Primers were designed to amplify five regions from five nod-box
sequences identified from the symbiotic plasmid of R. galegae bv. orientalis (HAMBI
540). Equal sized PCR products were amplified from each region from both bv.
orientalis and bv. officinalis strains. High level of similarity was observed in nod
boxes from strains of the same biovar. The ITS RFLP and nod-box RFLP results are
very much correlated; bv. orientalis strains have exhibited a higher level of diversity
than the bv. officinalis strains. The nod-box 5 region is the only region where a higher
diversity in bv. officinalis strains is observed. However, there was no evidence for
recombination of this symbiotic part of the genome in the two biovars.
4.5 IS Fingerprinting
IS elements are believed to have major role in the plasticity and evolution of
genomes through their role of assembling, reassorting, and transmitting groups of
genes (Mahillon et al.1999). They are found as components of both the chromosome
and plasmids. Various reports (Otten et al. 1992, Wabiko 1992, Freiberg et al. 1997,
Selbitschka et al. 1999, Suominen et al. 2001) have shown the presence of different
types, complexities and number of these mobile genetic elements in the rhizobial
genome. However, the importance of the distribution of these mobile elements in
forming new taxonomic groups from an evolutionary perspective needs further
investigation. There is evidence for horizontal gene transfer of the IS element IS1312
from the plant symbiont Sinorhizobium meliloti to the plant pathogen A. tumefaciens
(Deng et al. 1995). The fact that they are frequently found flanking gene clusters in
rhizobial genome suggests that IS elements may have been involved in the assembly
of gene clusters for symbiotic functions.
The natural tendency of IS elements to be found in several copies in the
genome, may be essential for the viability of the microbe under certain sets of
circumstances (Mahillon et al. 1999). Therefore, variation in IS copy number and
distribution between closely related species could provide an interesting information
for understanding the dynamics of their genome and evolution.
We used an IS element previously found in the symbiotic region of R. galegae
bv. orientalis (HAMBI 540) by Suominen et al. (2001), for IS fingerprinting of the R.
galegae strains from both biovars. We were able to amplify the inner fragment of this
IS element only from 16 strains of bv. orientalis. The chromosomal background of
these strains is very similar; the only slight difference is in their HaeIII ITS-RFLP
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pattern. They formed a separate cluster in the AFLP dendrogram. Moreover, 13 of
these strains have been isolated from the same site. The number of copies of this
particular IS element in these strains varied from three to nine, the type strain R.
galegae bv. orientalis (HAMBI 540) contains only two. It seems that the suggestion
propounded by Mahillon et al. (1999), “certain environmental constraints lead to
selection against IS-conferred genetic load” may apply but in this case the selection
could also be for IS-conferred genetic load.
The reason why there was no amplified product from the bv. officinalis strains
could be due to mismatch of primer sites, very low homogeny among sequences, or
absence of the IS element. Due to lack of sequence data from the symbiotic region of
the R. galegae bv. officinalis it is not possible to determine the presence, distribution
or copy number of this type of IS element. Although the two biovars have been shown
to be very closely related overall genomic fingerprints have shown that they are
clearly separated into different genetic clusters.
4.6 Sequence analysis
4.6.1 16S rRNA
Phylogenetic trees nowadays are almost exclusively inferred based on data
obtained from protein and DNA sequences. Although the phylogeny depends
primarily on the evolutionary history of the sequence, there are instances in which the
position of a sequence, topology of trees is influenced by alignments and choice of
algorithms in phylogenetic programs.
The phylogenetic position of R. galegae varies depending on the gene and gene
segments used to construct the tree. Studies so far did not reveal rhizobia that are very
similar to R. galegae. Sawada et al. (1993) reported a rhizobial strain OK55 that was
isolated from Sesbania aculeata to be closely related to R. galegae based on 16S
sequences. However this strain was not available from the authors and not included in
this study. Rhizobium sp. SIN-1 (Rana and Krishnan 1995) also isolated from
Sesbania plant is also reported to be close to R. galegae, however, preliminary check
up of the 16S and 23S RFLP patterns of this strain did not match the R. galegae
profiles. Recently, Rhizobium huautlense (Wang et al. 1998), isolated from Sesbania
herbacea is shown to be closer to R. galegae. The most interesting aspect of these
findings, however, is that these strains that are shown to be closely related to R.
galegae are successful symbionts of the legume Sesbania. In this study results from
both the 16S and 23S RFLP and partial sequencing of the 16S showed that one strain
SH1124, isolated from Sophora viicifolia has a very close relationship with R.
galegae (paper I).
We have used a number of Rhizobium galegae strains to infer phylogeny from
ribosomal sequences. Our results suggest that using several strains instead of a type
strain gives a more robust and reliable result, particularly while investigating closely
related strains. Rosenberg and Kumar (2001) suggest longer sequences, rather than
extensive sampling will better improve the accuracy of phylogenetic inference. Here, a
900 bp stretch, instead of the first 260 bp or the variable region of 16S rRNA, was
used to add sufficient information from the conserved region to give some weight on
the similarity margin. The two biovars of R. galegae formed a separate group, though
the significance of the cluster is low. The results (see Fig. 2 paper I) support the
grouping of R. galegae with the related agrobacteria, particularly with A. vitis.
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However, as more and more 16S rRNA sequences are deposited to the database other
rhizobia that are closely related to R. galegae are found (Fig. 4). A SimPlot analysis
of the 16S sequences from R. galegae, R. tropici, R. leguminosarum and A.
tumefaciens has revealed a recombinant region (Gaunt et al 2001). The authors report
that this region could be as little as 50bp or as large as 500bp. At the moment R.
huautlense (Wang et al. 1998) is the closest relative of R. galegae, the newly
described genus Allorhizobium (de Lajudie et al. 1998) is closer to the agrobacteria
than R. galegae. It is possible that more strains akin to R. galegae could be found as
more biodiversity resources are studied.
Fig.  4. A neighbor-joining tree based on partial (900 bp)16S rRNA sequences
showing the phylogenetic relationship of Rhizobium galegae with the other rhizobia
and agrobacteria constructed using ClustalW.
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Young, J. P.W. (1996) suggested that the species R. galegae appears to be
phylogenetically isolated and perhaps a new genus could be proposed. The other
alternative of including R. galegae into the Agrobacterium genus based on the small
subunit rRNA sequence similarity could broaden the genus unacceptably. Young,
J.M. (2001) proposed that Rhizobium and all the related agrobacteria should be
combined into one big genus. However, this approach would not serve the practical
purpose of making rhizobial systematics less complex, rather it would blur the natural
diversity of rhizobia and also does not help in clarifying the controversial species
concept in bacteria (Ward 1998). As the present evidence for delineation and
phylogenetic placement of these genera is inconclusive any change in nomenclature
should probably wait.
Screening of rhizobia by 16S and 23S RFLP has shown to be useful in rhizobial
biodiversity studies in China (Zhang et al. 1999, paper III). Partial 16S sequence
analysis of rhizobia isolated from Astragalus adsurgens has revealed interesting
results. Strains that are close relatives of described species and yet significantly
different in their ribosomal RNA sequences that might warrant them a new species
status have been found (Fig 5). Some of these sequences show interesting properties;
a long stretch insert in the 16S rRNA, and presence of signature sequences from the
major rhizobial groups (Rhizobium, Sinorhizobium, Mesorhizobium, and
Agrobacterium). These findings may be considered as evidence for recombination
among SSU sequences and support the suggestion by Young and Haukka (1996).
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Fig. 5. Alignment of 16S rRNA partial sequences of rhizobia from Astragalus
adsurgens with described rhizobial species. Note the numbers on top of the
nucleotides do not signify the E. coli numeration. For strain reference see Table 1
paper III.
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4.6.2 23S rRNA
In general the phylogenetic analysis of the 23S gene (Fig. 6) correlates with
the 16S sequences, however, the Agrobacterium, Rhizobium and partly the
Sinorhizobium branches do not form well-supported clades. The mesorhizobia
maintained their distinct group, the sinorhizobia are grouped together, although the
branching is not supported by high bootstrap value. The biovars of R. galegae have
very similar 23S sequences, an indication of a recent divergence. The closest relative
of R. galegae is R. huautlense, in accordance with the 16S phylogeny. There seems to
be recombinational rearrangement in some parts of the 23S gene where significant
sequence diversity even among very closely related strains is observed (Fig. 7). These
are maybe regions where the fragmentation of the 23S molecule is taking place
(Selenska-Pobell and Euvgenieva Hackenberg 1995). Cases where a mosaic structure
of 23S rRNA is shown have been reported on Bradyrhizobium lineages associated
with neo-tropical legumes (Parker 2001). Van Berkum et al. (2001) compared
topologies of constrained and unconstrained 16S trees with the 23S tree and
concluded that phylogenetic information obtained from the two genes is incongruent.
However, our results while complementing this conclusion also suggest that the 23S
sequences are useful comparative analytical tools to estimate the rhizobial
phylogenetic relationships.
Comparison of the R. galegae 23S sequence with representatives of the main
rhizobial groups, Mesorhizobium (M. loti), Agrobacterium (A. tumefaciens),
Sinorhizobium (S. meliloti) and Bradyrhizobium (B. japonicum) using the SimPlot
program shows a higher similarity with Agrobacterium and Sinorhizobium for the
most part the gene (Fig. 8). However, alternating regions of high similarity with either
Agrobacterium or Sinorhizobium suggest the sequence could be mosaic. Gaunt et al.
(2001) have obtained similar results from the 16S sequences. When a bootscan
analysis is performed there appear sites where the R. galegae sequence is more similar
to B. japonicum than to the others (Fig. 9).
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Fig. 6. A neighbor-joining tree based on 23S rRNA sequences constructed in
ClustalW, only bootstrap values that are above 50 are presented. A., Agrobacterium;
Az., Azorhizobium; M., Mesorhizobium; R., Rhizobium; S., Sinorhizobium. Where
strain numbers are unavailable, Genebank accession number of sequences is given.
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Fig. 7. Alignment of  23S rRNA sequences from main rhizobial type species ( from
bottom up: B. japonicum, M. loti, S. meliloti, A. tumefaciens, R. leguminosarum and
R. galegae). Only the variable parts of the sequences are shown here. Note the
numbers on top of the nucleotides do not signify the E. coli numeration.
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.........GGG....--------CCC.........T.......C-.C..........................
................--------.................A.......T........................
................--------............T..........G.....C....G...T...........
................--------..........GG.T..GT..CC..ATC.......................
GTAT...GA...AAGG.T.........CA..G..G.G.AC.....-.C.CC...AATT...AT.A..T.C....
.-..CAAT....AAG......T.....ATTCGAT..G..A..CG.-CA.C.TT.GATC.GG.TGCAAGC.CCTG
t gatgt gccc   a        ggg  at gg a ag t gc  t t  cgt    accg a ct ttggcc
      
      
 :  65
 :  66
 :  66
 :  66
 :  73
 :  72
      
             
             
RGALEGAE   : 
RLEGUMINOS : 
ATUMEFACIE : 
SMELILOTI  : 
MLOTI      : 
BJAPONICUM : 
             
                                                                          
    80         *       100         *       120         *       140        
A.T..T...G..........C..A..................T..........AC--TGA.TTGTC.GT..T..
.....G.................C.....C.A..............G........--.GAGC..TCG.....TG
........T............A.......C.........................--.A.--T..TG....T..
A.T.....T............A.......C................G......AC--T..--T....GT....A
.........AGTC.GACAA.T...........A...T...........A..TG..G.......GG.C..CT.TG
GACCGATT.AG..T..CAACT.ATCGTGG.G.ACTT.GGAAG.TCGCC.AGTGG.........GG.T.CCT...
 c ga cc   gactc   t  g tcaaa tg tcgcaaggtacta tgca                       
      
      
 : 137
 : 138
 : 136
 : 136
 : 147
 : 146
      
             
             
RGALEGAE   : 
RLEGUMINOS : 
ATUMEFACIE : 
SMELILOTI  : 
MLOTI      : 
BJAPONICUM : 
             
                                                                          
 *       160         *       180         *       200         *       220  
...AG....C...-A......................CA.TGT....................A..A.......
A......T.............................GA.T..................T...C.....TTA..
...CG.......G.A.......G.A.T.C..........C....................T.G.GT........
.....T....G............................C...................T..TC..C.GGA...
A.CC.T....G.GG.AC.-.G.G.A.T.C.C..C..................T..A....ATTG.G.A..T..C
.C..C.T.A..G...ACG.C.C.CTAAG.G.TG.TCTGC.G..TGCAGTGCA.ATGAGA.C.G.GT..G...C.
 tg   ccgg t     aatag g g c ctattgac    tcccactgtggctg gag  c     t   ttt
      
      
 : 210
 : 212
 : 210
 : 210
 : 220
 : 220
      
             
             
RGALEGAE   : 
RLEGUMINOS : 
ATUMEFACIE : 
SMELILOTI  : 
MLOTI      : 
BJAPONICUM : 
             
                                                                          
       *       240         *       260         *       280         *      
......T.GG................................GGCC.TA..........TA.........T...
.A......G......................................A...............-.-....T...
...TG.....A................................GC..T..........A..T.-.-AGG..CT.
TCC.G.G..C..........................TT..C......................-.-..G.....
AAC.T..TGCT..T.T..AT.T.C............TT..C.......AGGA...........-.-..G.....
....TT....GCTCAA-C..ATA.TACTCGTGAGCATTGC.CG..CG..CA.TGGAAA....T-C-...CT..G
   g g g   tc c atgat ctagacgagcgtac  tt t    a    ggtagtgcgcgc t ga t tca
      
      
 : 284
 : 284
 : 282
 : 282
 : 292
 : 291
      
             
             
RGALEGAE   : 
RLEGUMINOS : 
ATUMEFACIE : 
SMELILOTI  : 
MLOTI      : 
BJAPONICUM : 
             
                                                                          
 300         *       320         *       340         *       360         *
........-...........................-........T............................
-.-.-........................TC.....-..........T..G.....-.................
-.......-.....CCAA.....A.....TCT....-..T..G..T.T............TA.....TA.....
-.......-...........................-........T................C...........
--...G-T-...T..AGT....ACT.GC..AG.C..-.TACT.....T..G.A....T....TCT...T.....
-..T....-GGG.T..A.TTTA.C.TGCCA.GGAAA.AG..T.AT.C.GGGA.CCC.CTAA.T..AT.TTCTGA
 atccagc aaacct   gcagg gg  t   a cc t  t agg g tc tgtttg ct g tcgcc ctgag
      
      
 : 356
 : 353
 : 353
 : 353
 : 361
 : 363
      
             
             
RGALEGAE   : 
RLEGUMINOS : 
ATUMEFACIE : 
SMELILOTI  : 
MLOTI      : 
BJAPONICUM : 
             
                                            
       380         *       400         *    
...................CCAACA.A...........-...A.
............................................
T....A..A..T.T..............G..T........A...
............................................
.....A..A..T.T..A...........GG..GGCGCC......
.TGCC.AA.CG.T.TGGTC......G.AG.CG.GCGC.GTCA.G
cacgt gc ta c aa cttggcggatg tt c    g a gga
      
      
 : 399
 : 397
 : 397
 : 397
 : 405
 : 407
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Fig. 8. A similarity plot of 23S rRNA sequences comparing R. galegae 23S sequence
with S. meliloti, A. tumefaciens, M. loti and B. japonicum using the SimPlot program.
Fig. 9. Bootscan analysis showing percentages of 100 bootstrap replicates supporting
the grouping of R. galegae with S. meliloti, A. tumefaciens, M. loti and B. japonicum.
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4.7 Model for possible coevolution
Disparity between rates of molecular (genotypic) evolution and phenotypic
evolution is a dilemma for which answers are not yet found (Barrier et al. 2001).
Where could one look for correlation where rates of adaptive radiation coincide with
rates of molecular evolution? From universal housekeeping genes, functional genes or
regulatory genes and loci? Barrier et al. (2001) stipulate that genome plasticity due to
gene duplication; gene loss, insertion and deletion events, lineage sorting, and
recombinational events are shuffling the molecular data used to recall evolutionary
events.
Extensive molecular data on genes coding for Nod factors, glycosylation of the
rhizobial surface membranes, and other molecules of symbiotic significance is not
available for comparison with other related symbiotic systems.
Phylogenies inferred from 16S rRNA sequences show a great diversity among
the rhizobia. Non-symbionts from other genera are found mixed with the various
lineages of rhizobia (see Fig. 1). In general a close correlation is observed between
phylogenies inferred from comparison of the small and the large subunit ribosomal
sequences. The phylogenetic analysis of the chloroplast gene rbcL shows that there is
a common origin of legumes and actinorrhizal plants nodulated by Frankia spp.
(Soltis et al. 1995). Soltis et al. (1995) also suggest a single predisposition to
nodulation in this lineage. Whether this predisposition involves particular receptors,
unusual cell wall, unique phytohormones and certain signal molecules to lure
symbionts or repel pathogens is not clear (Hirsch et al. 2001). However, the rRNA
and rbcL gene phylogenies indicate little, if any, phylogenetic correlation between the
rhizobia and their legume hosts. Unlike some strict symbiotic systems observed in
organisms like Buchnera the phylogeny of rhizobia cannot be superimposed on the
phylogeny of their hosts. The polyphyletic distribution of the rhizobia raises
interesting questions about the evolution of the symbiosis.
The nodulation genes belong to multigene families, with complex patterns of
evolution. Gene duplications, gene loses, lineage sortings, horizontal transfer and
concerted evolution have been shaping them through time. Comparison of
phylogenies from 16S sequences and the nodA gene does not show significant
correlation. Consequently, parallel cladogenesis among facultative symbionts and
their hosts is not easy to substantiate. However, some concordance between the nodA
and the ITS2 of legume phylogeny could be discerned. Leguminous plants that belong
to the galegoid phylum seem to be tracked by rhizobia that have adopted a particular
recognition strategy, they produce Nod factors with polyunsaturated fatty acids.
We have built a hypothetical scheme for the molecular evolution of
interactions between these symbionts (Fig. 10). The organisms that were probably
predisposed for symbiotic nitrogen fixation have acquired the underlying genetic
information through a variety of genetic events. Developing coevolving strategies, in
which one of the partners seems to track the other, has thereafter refined their
evolution.
The hypothesis requires:
i. Independent evolution in several groups of bacteria
ii. Loss of symbiotic feature by the non-symbiont relative or feature
arising in one lineage and transferred into others.
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Fig. 10. A schematic model showing the various events that have fine-tuned
rhizobium-legume symbiosis. Courtesy of Gilles Lortet.
4.8 Evolution of Rhizobium-legume interactions
Sprent and Raven (1992), while examining the selective pressures in favour of
plants acquiring a N2-fixing partners, propound the following: Although plants have
the ability of effectively using photosynthesis products that helps them to function at
excess ratios of C: N, they may have needed more nitrogen than was available
abiotically. The confinement of free-living N2-fixing microorganisms to wet areas or
episodes necessitates a protective environment with a supply of ready-made nutrients.
Hence a symbiotic relationship procured by chance encounter by both partners could
result as an outcome of the exigent selection pressures operating both on plants and
their N2-fixing microsymbionts. The ability to form N2-fixing symbioses has a
monophyletic (paraphyletic) origin in legumes and a polyphyletic origin in rhizobia
(Provorov 1996).
Competition within the symbiosome does not seem to be the chief selection
agent in rhizobial evolution. Although a nodule may contain more than one type of
rhizobium in it there is no evidence of competition among symbionts that would
affect the symbiosis, or influence rhizobial evolution. Instead, the constraint exerted
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by the plant seem to forward the rhizobial evolution by probably selecting for
efficient symbionts. In addition to this the saprophytic life of the rhizobia in the
rhizosphere exposes them to various selection pressures from the environment, and
acquisition of genetic elements may enhance the adaptation of rhizobia to different
forms of existence.
Interactions at a molecular level are characteristics of symbiotic systems.
Recent studies suggest that signal transduction pathways may be conserved,
indicating an evolutionary link with older symbiosis systems (Hirsch and Kapulnik
1998). For instance, morphology of endosymbiotic structures and the level of host
specificity between rhizobia and arbuscular mycorrhiza are different. Although few
comparative studies between rhizobium-legume association and other symbiotic
nitrogen fixing associations have been made the involvement of common host genes
in rhizobial and mycorrhizal associations indicates that there may have been a
common ancestral symbiotic mechanism (reviewed by Gaultieri and Bisseling 2000).
The molecular dialogue developed by the partners once lead to specific mutual
recognition, induction of nodule organogenesis and an infection process. However,
tracing the molecular evolutionary process of the rhizobium-legume association,
especially that of specificity in cross talking is difficult, if not impossible. This is
partly because, the variation in degrees of specificity that range from very highly
specific associations, like those between Azorhizobium or Rhizobium galegae and
their respective hosts, to highly promiscuous Sinorhizobium sp. NGR234, infecting
several hosts from different tribes complicate the molecular approach. In addition
studies have indicated that gene duplication, lateral transfer and recombination have
all shaped the molecular machinery. The ongoing genome projects on model plants
and their symbionts might give answers for some of the elusive questions of
rhizobium-legume symbiosis.
It is obvious that the rhizobia predate their symbiotic partners, the legumes.
Sprent (1994), suggest two separate nodulation events for Rhizobium and
Bradyrhizobium. While in Rhizobium the nodulation develops from parasitism
through root infection and the development of infection threads, nodulation in
Bradyrhizobium did not involve infection threads but a bacterium that entered the
plant stem through wound infection.  The ancestors of rhizobia were probably
saprophytic soil microorganisms that have developed certain molecules that enable
them to penetrate plant tissues and persist in them. Ancestral forms that were capable
of fixing nitrogen ex planta may have complemented the nitrogen-fixing rhizobial
evolution through increased recombination. Similarities in the molecular mechanisms
in symbiosis and pathogenesis strongly suggest that rhizobia may have inherited the
genetic elements that enable them to enter their host plants from pathogenic ancestors
(Hentschel et al. 2000). This may have been the major turning point in rhizobial
evolution. Subsequent genetic complementation of these genetic elements could have
then enabled free-living nitrogen fixing ancestral bacterial forms to provoke plants to
produce nodules. The plants that were predisposed to nodulation could have then
developed the ability to regulate nodulation through a molecular dialogue. Through
time the rhizobia developed host specific nodulation genes (hsn) refining the
symbiotic association with legumes.
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5 Conclusions
In this thesis the genetic diversity of Rhizobium galegae has been studied
using an array of DNA based techniques. The chromosomal background of this
species assessed by AFLP, 16S-RFLP and 23S-RFLP and sequence analysis, and ITS-
RFLP indicates the biovar orientalis strains are more diverse than the biovar
officinalis strains. This result correlates well with RFLP analysis of the symbiotic
region and fingerprinting of a previously identified IS-element. There is no evidence
of recombination of the symbiotic regions between the two biovars. This is evidence
for diversity of symbionts due to a functional constraint exerted by the host plant. The
distinctive characteristics of the two biovars could warrant identifying them at least on
a subspecies rank. However, further investigation of sequences from the chromosome
and symbiotic plasmids, particularly from biovar officinalis, is needed to substantiate
this finding. This species could be used as a model to investigate specificity and
evolution of symbiosis and may provide answers to some of the major questions of
rhizobium-legume symbiosis.
Fluorescent-based AFLP has proved to be a valuable tool for genomic
screening and strain identification. Building of an integral database using computer
programs like Gelcompar and Bionumerics contributes a lot to rhizobium diversity
studies.
Finding many phylogenetically diverse rhizobia nodulating Astragalus
adsurgens indicates that novel rhizobial species may be described after further
taxonomic study.  There is a clear need for reappraisal of the rhizobial taxonomy is
evident, and this will probably require shuffling of genera and species. The finding of
this thesis will contribute to this activity.
No correlation was found between genetic diversity of both the Galega and
Astragalus isolates and their geographic distribution. The acquisition of genetic
materials from several ancestral forms coupled with the strong anthropogenic factor in
present distributions makes it very difficult to assess the role of geographical isolation
in rhizobial evolution.
The evolutionary history of legumes and rhizobia assessed by phylogenetic
marker genes such as ribosomal and chloroplast gene sequences are not
superimposable. Data supporting a coevolution of the partners are not available yet.
Comparative phylogeny of nodA sequences with the plant ITS2 sequences, from the
point view of the bacteria, suggests evolutionary tracking of the host by the symbiont.
However, extensive phylogenetic sampling of the symbiotic machinery may allow
refinement of this hypothesis and understanding of the fine-tuning of symbiosis.
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6 Summary
The complex symbiotic relationship between rhizobia and legumes attracts the
attention of scientists not only due to its outstanding agricultural importance, but it
also provides immense possibilities by being an excellent model to study plant-
microbe interactions. This association involves a two-way exchange of chemical
signals that are mediated in the rhizosphere in a host-guest-specific manner. Although
this association has been studied for centuries many questions pertaining to the whole
mechanism of rhizobium-legume symbiosis remain unanswered. Rhizobium galegae,
a species that nodulate Galega orientalis and Galega officinalis plants forms the
symbiotic relationship in a tight host-strain-specific mode. The two biovars of this
species, bv. orientalis and bv. officinalis, can nodulate both plants but produce
nitrogen-fixing nodules only in their respective host.
In this thesis I studied the genetic diversity and phylogenetic relationships of
Rhizobium galegae in an attempt to investigate the underlying genetic variations that
make the symbiotic properties and evolutionary history of this species remarkable.
New sequence data from the Large Sub Unit (LSU) of the ribosomal RNA obtained
during this study indicates that Rhizobium galegae occupies a phylogenetic position
where both Rhizobium group and the Agrobacterium group are found mingled with
each other. PCR-RFLP of the 23S region with out the intervening sequences is shown
to be a good method for initial screening of diverse rhizobia. In addition, more
phylogenetic information can be obtained from it due to better resolution, and the
primers designed have proven to work on a wide variety of bacteria.
Overall genetic relatedness of the species from chromosomal data as well as
the symbiotic regions clearly indicates that the two biovars, officinalis and orientalis,
are indeed distinct, that it warrants them a subspecies status. In fact, they can as well
be designated as two separate species, given the present criteria by which new
rhizobial species are named.
This thesis also deals with the role of the host plant in shaping the symbiotic
machinery of the symbiont. Rhizobium galegae bv. orientalis strains isolated from
Galega orientalis growing in its origin of diversity (Caucasus) showed a greater
genetic diversity. On the other hand, isolates of the introduced Galega officinalis,
whose gene center is believed to be in Turkey and the Mediterranean peninsulas, are
less diverse and composed of more or less genetically homogenous group. This
finding conforms to the suggestion that host plants growing in their center of origin
exert functional constraints on their symbionts prompting their diversification.
The use of AFLP method in diversity studies is studied and a fluorescent-
based detection of AFLP fingerprints is proven to be more sensitive and practical. In
addition, deleterious effects, cumbersomeness and delicacy of other detection
methods can be overcome by using this method. Where a large number of samples are
used the automated system facilitates large number of runs and exportable raw data
could be generated to build a comprehensive database.
In addition to Rhizobium galegae in this thesis I included a work, on diversity
of rhizobia nodulating Astragalus adsurgens from the Chinese soil. This was in part a
study of the biodiversity of Chinese rhizobia and at the same time an assessment of
the effect of the host plant on its symbionts. Astragalus adsurgens seem to harbour a
range of symbionts that belong to the different genera of rhizobia. A majority of the
strains belong to the Mesorhizobium branch of which some might constitute new
species. The strains that fall within the Rhizobium, Sinorhizobium and 
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group also have distinct ribosomal RNA sequences, in which traces of recombination
events among rRNA sequences, insertions and chimeras are observed. It is probable
that some of these strains could also later be named as new species. A high level of
rhizobial phenotypic and phylogenetic diversity enhances the distribution of widely
distributed legumes, and this also seems the case with rhizobia nodulating Astragalus
adsurgens.
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